velocities over a period of 10 to 16 hours. We apply this to study the relationship between shear stress and chronic changes in vessel diameter during embryonic development, both in normal development and after TGF- stimulation. This technique allows us to study the interaction of biomolecular and biomechanical signals during vascular remodelling using an in vivo developmental model.
Introduction
Vascular remodelling is an essential component of vascular development. The first vessels that form during development arise before the onset of blood flow and form a honeycomb shaped network called the capillary plexus. With the onset of flow, this early vascular network is remodelled into morphologically distinct arteries and veins. Blood flow is essential for vascular remodelling during development. If normal blood flow is not present, then remodelling does not occur (Chapman, 1918; Lucitti et al., 2007; Wakimoto et al., 2000) . Remodelling involves angiogenesis, the formation of new vessels, and arteriogenesis, the enlargement of existing vessels. Blood flow creates mechanical forces on the endothelium, and endothelial cells are able to sense these forces and alter their gene expression (Abe and Berk, 2014; Bryan et al., 2014; Jones, 2011) . The dependence of remodelling on blood flow is well established yet there is a lack of understanding of the basic mechanisms by which remodelling occurs.
One of the greatest difficulties in understanding the interplay of flow dynamics and vascular development is that few tools exist to study flow dynamics in real time in vivo. During development, the geometry of the vascular network and flow rate change significantly. Clinical imaging and numerical simulations have been used to study the flow dynamics in developed vessels (Gijsen et al., 2007; Mantha et al., 2006; Robles et al., 2015; Steinman et al., 2003) . These techniques are unsuitable to study microscopic processes during remodelling, which requires a resolution of at least 1 m. As such, no method currently offers the ability to study both the movement of endothelial cells concurrently with an analysis of the evolving flow dynamics during remodelling.
Blood flow in the early embryo is characterized as Stokes flow. Stokes flow occurs when the viscous forces are much larger than the inertial forces (i.e., the forces due to the momentum of the fluid).
Average embryonic blood velocity is relatively slow (often less than 1 mm/s, even during systole) providing little momentum and the viscous forces in blood therefore dominate the flow physics (Jones et al., 2004) . Stokes flow allows the partial differential equations that describe fluid momentum to be linearized. As such, the embryonic vasculature is an ideal one in which to study the interaction of flow Development • Advance article dynamics and the endothelium, as compared to the adult where flow separation, turbulence and other complex fluid phenomena are present.
Though the calculation of flow patterns within embryonic vessels is relatively simple, the geometry of the vascular network is complex and constantly changing during development. Many studies on shear stress have relied on the assumption that increased flow rates result in increased shear stress (Milkiewicz et al., 2001; Ziada et al., 1989) . Though this is a valid assumption for straight, unbranched blood vessels, shear stress levels cannot be calculated purely based on the flow rate for more complex geometries (Manbachi et al., 2011) . In these more complicated situations, calculation of shear stress levels requires solving a set of partial differential equations, called the Navier Stoke's equation, for each specific geometry.
In this work, we report a technique to simultaneously image blood flow dynamics and vascular development. We use a combination of time-lapse imaging, flow visualization and computational fluid dynamics (CFD). The flow visualization allows us to make localized measurements of the blood velocity at set time points and locations in the embryonic vasculature. The computational technique allows us to extend these measurements to acquire the blood velocity in the entire region of interest, as well as allowing us to calculate other hemodynamic parameters such as the pressure drop, the vorticity and the shear stress. This allows us to follow the evolution of flow dynamics in real time as the vasculature remodels.
Results

Imaging Blood Flow and Vascular Development by Time-lapse Microscopy
Evaluation of blood flow dynamics during vascular development requires a method to track both the changes in vascular network morphology and the blood flow velocity repeatedly over an extended period of time. Avian embryos were the model of choice because of the relatively low photosensitivity and flat geometry of the avian capillary plexus during development. We previously Development • Advance article established a technique to time-lapse vascular development in avian embryos (Al-Roubaie et al., 2012) . We cultured the embryos ex ovo and labelled the endothelial cells by intra-vascular injection of fluorescently labelled acetylated low-density lipoprotein (AF488-AcLDL). A detailed description of the culture method is available in the Materials and Methods. We used micro-particle image velocimetry (PIV) to image the flow dynamics. This is done by intra-vascularly injecting fluorescent microspheres that act as tracers of the fluid motion and imaging the region of interest with a highspeed camera. To extract the velocity measurements from this data, the images of microsphere motion are divided into interrogation windows and the cluster of particles within each interrogation window is identified from frame-to-frame using a statistical cross correlation (for review, see Adrian, 1991).
We analysed embryos at the stage where blood flow initiates (Hamburger Hamilton HH11 or 30 hours of incubation), since this allowed us to study the process of vascular remodelling. We imaged the vascular network every 15 minutes using a high-resolution camera (Zeiss Axiocam, green images).
We followed the motion of the tracer particles using a high-speed camera that had high light sensitivity and could therefore capture fluorescence (FASTCAM Ultima APX-RS, red images). The motion of the tracer particles was imaged once every 2 hours for two entire cardiac cycles at 250 frames per second. The vasculature was imaged less frequently than the blood vessels to reduce phototoxic effects.
The original PIV technique was developing using laser-sheet illumination of the fluid motion to obtain a two-dimensional image of the tracer particle motion. Micro-PIV, however, is performed using a fluorescence microscope and results in the illumination of a three-dimensional space rather than a two-dimensional sheet. When blood flows within a vessel, the slowest motion is present next to the walls and the fastest motion is present in the centre of the vessel. Because of this, flow above and below the centreline is much slower than the flow in the centre of the vessel. Various post-processing techniques have been developed for PIV to minimize the error associated with imaging a threedimensional volume. Out of focus objects are larger in size and lower in fluorescence. Thus, either Development • Advance article selection based on particle size or thresholding based on fluorescent intensity can be used to reject out of focus particles (Meinhart et al., 2000) . Using flow channels with simple geometries where a theoretical solution to the blood flow profile was possible, Pitts et al. investigated the efficacy of these post-processing techniques (Pitts et al., 2012) . They found that most common post-processing techniques for PIV resulted in shear rate measurements that had as much as a four-fold error. We attempted to use PIV for the entire region of interest. We found that the technique could accurately measure velocities within straight vessel segments, but that, even with post-processing, shear rate measurements were inaccurate. For this reason, we limited our PIV measurements to assess the velocity in straight vessel segments and then used this as an input to our computational solver to obtain the flow within the network. Micro-PIV can be performed using open source software (i.e.
OpenPIV, PIVLab, JPIV) or by developing one's own code, as we did.
The selection of an appropriate tracer particle is of paramount importance in PIV. Particles must be neutrally buoyant, must not disturb the flow, and must be large enough to be unaffected by Brownian motion (Santiago et al., 1998) . We investigated the use of several different types of fluorescent particles (polystyrene microspheres, liposomes, etc.). Though all the particle types tested met the criteria for PIV, they all suffered from one important limitation: in all cases, the particles adhered to the luminal side of the vessel wall within 2-3 hours of injection. Polyethylene glycol (PEG) is often used to make "stealth" micro-particles in biological application (Immordino et al., 2006) . PEG is highly hydrophobic and creates a shell of water around PEGylated surfaces. To covalently link PEG to the microsphere surface, we used carboxy-modified polystyrene microspheres and amino 5K PEG.
We followed the manufacturer's protocol for covalent coupling of proteins to the carboxy-modified polystyrene microsphere. After PEGylation, we found that the microspheres circulated for approximately 16 hours. Particles did gradually adhere to the vessel wall, but a large number of particles were still circulating at the end of the time-lapse.
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Because blood velocity measurements were less frequent than images of the vascular network, we needed a method to interpolate between velocity measurement time points. Flow was imaged for two cardiac cycles at each time point, and the velocity of the blood flow during the cardiac cycle was extracted (Fig. 1A) . To obtain flow information between flow measurement time-points, an interpolation was made based on the trend of the velocity data at different points in the cardiac cycle for the entire time-lapse experiment (Fig. 1B) . Only five points in the cardiac cycle are displayed in Figure 1B for the sake of simplicity, however, additional points in the cardiac cycle were analysed depending on the specific experimental needs.
Viscosity Estimates in Embryonic Vessels
Calculation of hemodynamic properties, such as the shear stress, requires an estimate of the viscosity of the fluid. Blood viscosity changes with hematocrit and with shear rate (i.e., the velocity gradient of the blood). Red blood cells form in the blood islands and enter circulation gradually with the onset of blood flow (Lucitti et al., 2007) . Thus, the hematocrit is not constant during early vascular development. To measure changes in hematocrit with respect to embryonic stage, we injected embryos with fluorescent dextran and then isolated the whole embryo and placed it in culture on a heated confocal microscope. We used the line-scanning function of the confocal microscope to scan across one vessel repeatedly such that we obtained an X versus time image ( Fig. 2A) . In these images, the blood plasma is fluorescent from the dextran injection and the red blood cells appear as black streaks within the vessel. By evaluating the percentage of black pixels within the vessels, we could estimate the hematocrit of the blood.
In vessels smaller than 300 m, the hematocrit is dependent on the vessel diameter due to a phenomenon called the Fahraeus effect (Fahraeus, 1929) . We therefore measured the hematocrit with respect to diameter at different stages (Fig. 2B) . We found that the data fit to a previously published equation for the Fahraeus effect in smaller vessels (Pries et al., 1990) , such that:
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Where HT is the tube hematocrit (i.e., the effective hematocrit in a small vessel), HD is the discharge hematocrit (i.e., the constant hematocrit present in larger vessels and in the heart) and D is the diameter. As such, we used the hematocrit and the diameter from each measurement to calculate a discharge hematocrit for each stage. We then plotted the average discharge hematocrit with respect to somite stage (Fig. 2C ). The data was fit to a cubic equation as a means to easily calculate the hematocrit in our computational analysis.
We previously published values for the viscosity of avian blood at different shear rates and hematocrits for embryos between 4 days and 6 days of incubation, or HH22 to HH34 (Al-Roubaie et al., 2011) . Embryos used in this current work were much younger, starting at 30 hours of incubation (13 somites or HH11). Ideally, we would have extended our previous work to younger stages;
however, we were unable to collect enough blood to make viscosity measurements from embryos younger than HH22. We were therefore obliged to work with the data available. Most work on embryonic blood flow assumes that embryonic blood has the same properties as adult blood (Jones, 2011; Poelma et al., 2008) . Thus, the use of data from embryonic blood, even from slightly older stages, represents an advance over previous estimates. Our previously published work indicated that the viscosity of embryonic blood fit a Carreau model, such that:
Where the constants (,0,  and N) are dependent on the stage of development and the hematocrit.
 is the shear rate. For each time point, we used the stage of development to establish HD (based on This allows us to include shear rate-dependent effects on the viscosity in our computational analysis.
Calculating Hemodynamic Parameters
A stack of images comprising the image of the wall and the 500 high-speed images of the microsphere motion was flattened into a single image. The resultant image was filtered and thresholded to create a black and white image mask (Fig. 3 , see Materials and Methods for additional details). A Canny algorithm was applied to the image mask using the Matlab edge function to identify the inner wall boundaries of perfused vessels. The Canny method can produce equally thin edges with smooth continuous pixels even under noisy condition (Canny, 1986) . The edge detection resulted in a matrix of black and white pixels that defined the location of the vessel walls. The mask was skeletonized to provide an image of only the centreline of the vessels. The distance between the centreline and the vessel wall was averaged for each segment, in order to define the vessel diameter for the viscosity estimates.
The vessel geometry, inlet and outlet flow rates to the region of interest and the viscosity estimates were then combined using a computational fluid dynamic (CFD) solver (Fig. 3 ). In the CFD solver (COMSOL Multiphysics), a 2D simulation was chosen. The solver was set to solve the flow for laminar, time-dependent, incompressible flow. Since the vessel network has curved geometries, the numerical algorithm was applied on a non-orthogonal curvilinear coordinate framework. The solver uses a finite element model to solve the Navier Stoke's equation. Mesh generation for the finite element model was done using the CFD solver and different mesh sizes were tested ("fine", "extrafine" and "extremely fine"). The inlet and outlet boundary conditions were set using the measured flow rates for the cardiac cycle (Fig. 1 ). Inlet and outlet blood velocity measurements were made far from branch points, so fully developed flow was assumed at these points. Based on the Reynold's number of blood flow in embryonic vessels, the flow should become fully developed within a few microns of the branch points. For a network with N inlet and outlets, the velocities of N-1 segments were used as boundary conditions. For the last vessel segment, the pressure at the outlet was set to zero. Two convergence criteria were set in the solver: first, a mass flux residual of less than for 
Validation of Calculated Flow Rates
To validate our calculated hemodynamic profiles, we first investigated whether the method accurately predicted the pattern of blood flow at one single time point. We used images of flow from an older embryo (HH15), where we had observed flow reversal (Supplemental Movie 4). This movie was taken with microspheres that had not been PEGylated, and therefore some clumps of microspheres were present. The clumps resulted in differences in the size of the particles that also allowed us to follow streamlines within the flow to ensure our CFD analysis was accurate. In this movie, the blood flow velocities from the inlet and the outlet on the left hand side of the image were entered into the CFD solver, and the outlet on the right hand side was set to a pressure value of zero. We found that our computational analysis accurately predicted the flow patterns observed, including the flow reversal, even though the input flow rates (i.e., the two left hand blood vessels) only exhibited forward flow without any reversal in the direction of flow. Furthermore, the streamlines predicted by the CFD analysis agreed with the experimental results.
To quantify the error associated with our method, we used the fact that one of our measured velocities was not used in the CFD analysis. We compared the measured value with the computed value at this last vessel segment (Fig. 5) . We also verified that the solution was not dependent on the mesh size chosen for the finite element grid by comparing the results for "fine" (red), "extra fine" (green) and "extremely fine" (black) mesh sizes. For all embryos, we analysed the error present during peak systolic flow. Decreasing the mesh size did not significantly change the computed velocities indicating mesh-independence of the solution (Fig. 5A) . We performed error analysis on a total of 9 embryos that were followed by time-lapse microscopy. Interestingly, the error in the measurements changed very little from one embryo to another, even when a ten-fold difference in the velocity of the blood flow was present (compare Embryo 1 at 360 minutes to Embryo 2 at the same time point, Fig.   5A ). The error increased significantly as the time-lapse experiment proceeded, regardless of the mesh size used in the finite element model (Fig. 5B) . PEGylation reduces but does not abolish the adhesion Development • Advance article of microspheres to the vessel wall. As the time-lapse progresses, the PIV became less accurate as the number of particles in circulation decreased, resulting in an increased uncertainty in the measurements.
Studying the Interaction of Molecular and Biomechanical Stimuli
One of the strengths of this current technique is that we are able to study the interaction of protein signals and biomechanical signals. Therefore, as a first application of the technique, we studied the effect of shear stress on vessel enlargement and the effect of perturbing this process with a gain-offunction in TGF- signalling. During vascular development, vessels that carry the most blood flow enlarge and those with the least flow regress (Thoma, 1893). Though this is a widely accepted concept, the relationship between the level of shear stress and changes in vessel diameter has never been investigated. We followed vessel diameter and shear stress in both enlarging (Fig. 6A ) and regressing vessels (Fig. 6B ). We analysed a total of 3 embryos (at 16-19 time points), with 1-2 locations per embryo, for a total of 5 vessels. We plotted the percent change in vessel diameter between consecutive frames with respect to shear stress levels present. We find that the natural logarithm of the shear stress correlates to the percent change in vessel diameter (Fig. 6C) . From previous studies, we had observed that TGF- injection during vascular remodelling in the embryo resulted in an increase in vessel diameters (unpublished observation). We therefore investigated whether TGF- injection affected heart function and therefore altered shear stress levels, or whether the flow was unaltered but the response to shear stress was different. We injected embryos with TGF- and analysed both changes in vessel diameter and shear stress levels (n=3 embryos, 7-9 time-points per embryo, 1-2 locations per embryo, total of 5 vessels). The range of shear stress present in TGF- injected embryos did not differ from control embryos (p=0.726). When plotted on a semi-ln plot, however, a clear increase the rate at which vessels expanded for the same level of shear stress was present (Fig. 6D, p<0 .0001). Though the intercept of the line was higher, the slope of the line was unchanged (p=0.926).
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Discussion
Hemodynamic signals are necessary for proper vascular development; however, the complexity of measuring shear stress levels in real time has hindered the study of the role of fluid forces in development. We previously showed that in unbranched vessels of the embryo, the velocity profile in the vessel is parabolic throughout the cardiac cycle (Jones et al., 2004) . This occurs because two fluid dynamics parameters, the Reynold's number and the Womersley's number, are both very small for embryonic blood flow (i.e., less than one). It is because of these relatively simple flow dynamics that velocity, pressure drop and shear stress can accurately be calculated from the measured blood flow velocities. Though our results use embryos at the onset of blood flow, this technique can also be applied to embryos at older stages. Certain assumptions, however, such as the application of the Fahraeus relationship to calculate hematocrit, should be verified for older embryos before extending the technique to later stages.
One of the most significant limitations to the PIV method is the adhesion of the tracer particles.
Though PEGylation of the particles increased their time in circulation to approximately 16 hours, the errors associated with the velocity measurements increased as the time-lapse progressed. We chose to restrict our analysis to data from the first 10 hours due to this limitation. Avian embryos can survive for 2-3 days in ex ovo culture, and we have found that the loss in AcLDL signal in the vessel wall over this period of time is not prohibitive. If the circulation time of the tracer particles could be further increased, it should be possible to extend this technique to follow vascular development and hemodynamics over a period of several days. We have tested particles with different surface charges, hydrophobicity and blocking reagents. None of these factors reduced the adhesion of particles to the vessel walls. PEGylation is currently the state-of-the-art for creating "stealth" particles. We did not test different chain lengths, and small improvements on the time in circulation may be possible by optimizing these factors.
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The alternative to the use of tracer particles is to make flow measurements using techniques that do not require the use of tracers, such as Doppler OCT. Doppler OCT cannot produce images of the vascular network geometry at high enough resolution to accurately predict shear stress and pressure, but this could be resolved by combining Doppler OCT with confocal microscopy. The computational aspects of our current method could then be directly applied to such data sets. Combined OCT/confocal microscopy systems have previously been developed (Brinkmann et al., 2008; Podoleanu et al., 2004) . The main disadvantage, however, is that such specialized and expensive equipment would limit the applicability of the method to labs that are specialized in this technique.
Our PIV-based method is therefore much more accessible to most groups. It requires only: 1) a micro-injector, 2) a fluorescent microscope, 3) a high-speed camera, and 4) a software license for a CFD solver. The cost of high-speed cameras has fallen drastically over the last decade. For any avian embryology lab, the cost of implementing this technique is reasonable.
Most fluid dynamic calculations do not include non-Newtonian properties of blood. Instead, a constant value of the viscosity based on the hematocrit is used. In large vessels, this approximation is justified, however, it is not appropriate for embryonic blood vessels. Embryonic blood flow is slow and shear-rate dependent effects are most pronounced at low shear rates. We were obliged, however, to extrapolate our previous viscosity data with respect to embryonic stage. Our previous results had shown that there was no change in apparent viscosity of blood with respect to stage when the hematocrit is below 50% (Al-Roubaie et al., 2011) . Therefore, extrapolation results in similar values for the viscosity as using the data directly for the older embryos. Given that the embryonic vessels have hematocrits well below 20%, the assumption that stage has little effect on the viscosity is relatively safe. The inclusion of variation of the viscosity for hematocrit and shear rate in the flow calculation is a significant improvement on previous calculations of embryonic shear stress levels.
Our application of PIV with CFD to investigate vessel enlargement found that vessels enlarge and regress proportional to the natural logarithm of the shear stress. This makes physiological sense, since
there must be a maximum rate at which vessel can expand. We also found that injection of TGF- injected embryos causes an increase in the rate of vessel enlargement even though shear stress levels are unchanged. Interestingly, the injection affected the intercept but not the slope of the regression on a semi-ln plot. We are investigating agent-based simulations of cell movements to explain how a logarithmic relationship can arise between shear stress levels and vessel expansion/regression, as well as to examine which factors could be affected after TGF- injection that would lead to the observed changes in behaviour. These results highlight the fact that neither molecular nor biomechanical stimuli should be studied in isolation. These signals interact, such that molecular signals affect how endothelial cells respond to blood flow, and vice versa.
This work represents the first technique to follow changes in flow dynamics as the vasculature remodels. It will allow for quantitative analysis of the relationships between hemodynamic parameters, such as shear stress and pressure drop, and biological processes in vascular remodelling.
The resolution is high enough to investigate cellular mechanisms of remodelling in relationship to the flow. As such, this technique will allow investigators to begin to explore the interplay of flow dynamics and cellular events in vascular development.
Materials and Methods
Simultaneous imaging of vascular remodelling and blood flow dynamics
Fertilized quail eggs (Coturnix japonica) were incubated at 37C until they reached a stage of 12-14 somites or HH11. About 1 mL of albumin was removed from the egg by puncturing the shell with a syringe. A small window was cut into the top of the eggshell and the entire egg was poured into a 6 cm petri dish, ensuring that the embryo remained on the top of the yolk (Fig. 7A) . The embryos were injected intravascularly using a Picospritzer III micro-injector (Parker Hannifin) and a fine capillary glass needles with a tip diameter of approximately 5 to 10 m ( Before injection, amino-PEG (Laysan Bio, MPEG-NH2-5000-1g) was covalently attached to the surface of the microspheres using a reduction reaction according to the manufacturer's instructions.
Some minor modifications were made to the protocol. When washing the microspheres after the reduction reaction, an ultracentrifuge at 170,000g was used instead of the recommended 25,000g.
PEGylation made the particles much more neutrally buoyant such that the recommended centrifugation was ineffective. Furthermore, sodium azide was not added. A small amount of blue food dye (30 v/v%) was added to all solutions to visualize the injection and ensure delivery specifically into the circulatory system. The volume of injection was titrated based on the volume of dye expunged (approximately 0.1 l injected per embryo). Before and after injection, embryos were rehydrated with Ringer's solution. Only embryos where the injection was specific to the vasculature on the first attempt were kept for time-lapse imaging. In general, a dozen embryos were injected and the most successful injection, assessed on the fluorescent microscope, was used for each experiment.
Embryo culture for time-lapse microscopy was done as previously described (Al-Roubaie et al., 2012) . A large square hole was made in the lid of the petri dish (approximately 2 cm by 2 cm), as well as two smaller "ports" about the size of a syringe needle (Fig. 7B ). The square hole was covered with a Teflon membrane, which is permeable to air and not to moisture (YSI, 066156). The Teflon membrane was affixed using silicon vacuum grease (Dow Corning, 1597418) . The lid was sealed onto the petri dish using parafilm. The petri dish was then filled with additional warmed albumin through the "ports" until the embryo was in direct contact with the Teflon membrane. The ports were plugged with silicon vacuum grease (Fig. 7B ). Embryos were imaged on an upright fluorescence microscope equipped with an Axiocam MRC for images of the vascular morphology and a high-speed camera (Photron FASTCAM Ultima APX-RS) for images of the microsphere motion (Fig. 7C) . A homemade heater box was built around the microscope stage to keep the microscope stage at 37C, using a small room heater and a temperature controller (VWR, 10171-512) . Endothelial cells were imaged every 15
minutes. Blood flow dynamics were imaged at 250 fps for 2 full cardiac cycles (equivalent to 2 seconds of imaging time), once every 2 hours.
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Creation of an Image Mask
A MATLAB program was developed in Simulink for the post processing of acquired images. At each time point, the green image (endothelial cells) and the stack of 500 red images (microsphere motion)
were flattened into a single image. The flattened image was converted to a grey-scale image. A gamma correction was applied to control the overall brightness of the image and the contrast was adjusted by linearly scaling the pixel values (see Supplemental Fig. 1 for the Simulink block diagram). The gamma parameter and the break point of the straight line segment were altered manually to obtain the best possible contrast. The illumination was equalized using Histogram Equalization. To reduce noise, a median filter was applied to the image, and then the image was thresholded to obtain a binary image used as a "mask". The image mask was used to subtract all background noise and make non-flow regions into pure black. It was applied to each individual frame of the microsphere motion before PIV analysis.
Identification of walls, centreline and local vessel radius
To identify the inner wall boundaries of perfused vessels, Matlab's "edge" function was applied to the image mask, specifying a Canny algorithm. The Canny edge detector creates a rough estimate of every possible edge contour within the image; the edge information was saved to a binary edge detected map. Since there were still some discontinuous edges in the image, edge points were linked to nearby edges using an edge connection algorithm based on a least squares method to create a closed, continuous boundary (Hoover and Goldbaum, 2003) . The centreline of each vessel was found by skeletonizing the image mask. Using a search based method within MATLAB, the distance between the centreline and the closest black pixel of the edge map was measured to define the local radius of vessel.
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Micro-particle image velocimetry analysis
Micro-PIV was used to measure velocity waveforms during the cardiac cycle at inlets and outlets. A pair of images was divided into smaller areas called interrogation windows. These interrogation windows were compared in two consecutive images using a MATLAB code to seek the most likely position of these windows from one frame to other one. The velocity of the particles can be obtained by calculating the distance between the centres of these two interrogation windows. Therefore the local velocity vector is:
v ⃗ (x, y, t) = ∆x(x,y,t) ∆t
In this equation, Δx denotes the displacement the cluster after a time interval Δt of between two consecutive frames. An interrogation window size of 16×16 pixels was used. Flow inlets and outlets were chosen far from branch points. Since the Reynolds number for the flow is very close to one and the Womersley number is less than one (Jones et al., 2004) , entrance length effects are on the order of one micron, hence a fully developed parabolic velocity profile was assumed for the PIV analysis.
Blood rheology
A relationship between hematocrit and embryonic stage was obtained by injecting FITC-dextran (Sigma-Aldrich, FD40S) into quail embryos. Line scans on live embryos were performed on a heated confocal microscope stage as previously described (Jones et al., 2004) . Several images were obtained at different embryonic stages and vessel diameters. Images were thresholded to obtain the tube hematocrit and the vessel diameter was measured. For smaller vessels (tube diameter less than 300μm), the hematocrit was adjusted for tube diameter based on the Fahraeus equation (Pries et al., 1990) . A relationship between the discharge hematocrit and embryonic stage was developed (Fig. 2) .
A cubic fit was used as method to interpolate between stages in the computational model. Blood viscosity was calculated based on embryonic stage and vessel diameter, using a Carreau relationship Development • Advance article that we previously developed to describe the non-Newtonian behaviour of embryonic blood flow (AlRoubaie et al., 2011) . The constants were re-evaluated from the paper to include a larger number of hematocrit values. We interpolated (for hematocrit) and extrapolated (for embryonic stage) to establish the value of the constants (∞, 0,  and n) for the time-lapse experiments.
Computational fluid dynamics
The vascular geometry obtained by image processing and the inlet and outlet velocities acquired by PIV were imported into a CFD solver (COMSOL Multiphysics). The governing equations inside the vessels (i.e., continuity and momentum equations for laminar, unsteady, non-Newtonian, incompressible flow) were solved using a finite elements method. From N inlets and outlets, the flow rates at N-1 points were set as boundary conditions. For the last outlet, a straight section of vessel was added to allow the flow to reach fully developed conditions and help the convergence of the numerical solution inside the domain. The fully developed boundary condition was applied at the extended outlet of the domain (depends on Reynolds number), i.e., = 0. Vessel walls were assumed to be rigid and impermeable with no slip boundary conditions. The rigid wall assumption was confirmed using high-speed images of the vessel wall (Supplemental Movie 5). Since the domain has curved geometries, the numerical algorithm was applied on a non-orthogonal curvilinear coordinate framework. Mesh generation and solution was performed with COMSOL. The domain was meshed with extremely fine free triangular meshes. Numerical simulations were conducted using a
